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Abstract 
In a developing country like India where industrial tasks are labour-intensive, involving Manual Material Handling (MMH) in 
many situations; workload measurement in terms of Newtonian anthropometry and physiological parameters is important to 
identify unduly heavy tasks, to evaluate traditional work methods, and to arrive at more efficient methods of work. In jobs which 
require prolonged manual labour like construction jobs, assessment of cardiovascular capacity may be used to determine a 
worker’s level of fitness for work. To tackle the issues as mentioned, various approaches, such as biomechanical, physiological 
and physical evaluations may be used for proper quantification and minimization of risks of Musculoskeletal Disorders (MSDs) 
associated with different types of material handling tasks in order to reduce fatigue and physical stress. Among all evaluations, 
biomechanical evaluation deals with the study of the physical interaction of workers with their tools, machines, and materials so 
as to enhance the worker’s performance while minimizing the risk of MSDs. In this context, studies of various biomechanical 
models (static and dynamic) are required to be studied. In this paper, a comprehensive review of the concepts of static and 
dynamic models as applicable for MMH task is presented. Starting with various types of static and dynamic models, the issues on 
occupational risk assessment related to various manual handling tasks are discussed progressively. The distinctiveness of the 
models are highlighted. Finally, based on the critical appraisal of the existing approaches, future research directions on various 
models of biomechanical evaluation are delineated. 
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1. Introduction 
 Biomechanics has been defined as “the study of the movement of living things using the science of 
mechanics” [ 1 ]  which is highly related to ergonomics that ergonomics is sometimes referred to as 
occupational biomechanics [2]. Occupational biomechanics is the discipline concerned with the study of the 
physical interaction of workers with their tools, machines, and materials so as to enhance the worker’s 
performance while minimizing the risk of MSDs [2]. The major assumption in biomechanics is that the human 
body behaves according to Newton’s laws of motion and hence, a biomechanical model uses inverse solution 
technique to calculate and analyze the forces and torques on the segments of the body and compares these forces 
with the muscle strength limitations of human to predict stressful work postures [3,4] A biomechanical model is 
generally classified as either static or dynamic depending on the methods and characteristics of the task to be 
carried out. Although these models may work satisfactorily in various MMH activities, there are also certain 
assumptions and shortcomings, limiting the use of a specific modelling technique. The usefulness, applications, and 
limitations of static and dynamic models are explained in the following sections. 
2. Static model 
 A model is a representation of complex phenomena that reduce the complexity to enhance understanding, 
even though such representations may require gross simplifications and assumptions [2]. A model is said to be 
static when the sum of the net external forces acting on a body is zero, i.e. the body is in the state of static 
equilibrium which follows Newton’s 3rd law of motion and takes into account postural effects due to gravity. 
To analyze various working postures for different MMH activities, some of the static biomechanical models in 
accordance with the classification scheme as given in [2] viz. NIOSH lifting model, two-body segment static 
model, static planar model of non-planar forces, planar static analysis of internal forces and multiple-link 
coplanar static modelling are discussed in subsequent sections. 
2.1. NIOSH lifting models 
As reported by [5], the international labor organization first defined the limits for manual lifting in view of 
reducing the occurrence of musculoskeletal injuries and work-related disorders in the year 1962. However, the 
limit for manual lifting defined in the year 1962 does not take into account the size of the object being lifted and 
frequency of lifting, i.e. average number of lifts per minute. Therefore, National Institute for Occupational 
Safety and Health (NIOSH), a US federal agency published the work practices guide (WPG) for manual 
lifting [4,5,6] with the following assumptions, (i) two-handed lifting, (ii) symmetric lifting in sagittal plane, 
(iii) moderate width of object (i.e., maximum 75cm or 30 in), (iv) unrestricted lifting posture, (v) good coupling 
(handles, shoes, and floor surface), and (vi) favorable ambient environment. Since the original NIOSH lifting 
equation (NLE) was applicable only to a limited number of lifting tasks and cannot be applied to carrying, 
pulling and pushing tasks due to its inflexible assumptions [ 4 ,6 ]; a revised NLE has been developed in the 
year 1991 (Walters et al., 1994) which permits the evaluation of asymmetrical manual lifting tasks along 
with optimal hand-to-object coupling [7, 4, 6]. The revised NLE is a multiplicative model with six multipliers to 
determine Recommended Weight Limit (RWL) which may be defined as the weight of the load that nearly all 
healthy workers may lift over a period of eight hours daily without any increased risk of developing lifting-related 
low back pain. 
Moreover, there was difficulty in finding HM and applying the revised NLE at a worksite which lead to 
significant error in determining the RWL [8,9,10]. It is also found that in a sample of n = 559, 57% of the 
lifting tasks could not be evaluated using revised NLE. Therefore, the multipliers are required to be measured 
precisely and accurately for the exact determination of RWL, while applying in real-life physical process. 
4600   Ratri Parida and Pradip Kumar Ray /  Procedia Manufacturing  3 ( 2015 )  4598 – 4605 
2.2. Two-body segment model 
In this model, each body segment is treated as a separate link in the kinematic chain. The analysis could be 
carried out from top-down or bottom-up approach, however from the point of application of the external load 
and solving the equilibrium equations for each body segment, until reaching the segment that supports the body 
[2]. Morris, Lucas and Bresler first proposed a simple lifting biomechanical model to predict compression force 
on the lumbosacral disc including intra-cavity pressure [11], which is calculated along with the force on the 
lower thoracic portion of the spine (both including and excluding intra-cavity pressure).  Biomechanical model 
was developed that estimate strains on ligaments in the low back region, trunk erector moment requirements, 
L5/S1 annulus strain, and sacral endplate compression for static, sagittal plane two-handed symmetric lifting 
tasks [12]. 
2.3. Planar model of non-parallel forces 
 In two-dimensional static model, the forces are resolved into two orthogonal components. The forces may be 
coplanar (in one plane), non-parallel and concurrent (having a common point of application for the equilibrium of 
forces at various joints). Potvin developed a regression-based static 2-D link-segment biomechanical model based 
on NIOSH equation to calculate L5/S1 compression forces during symmetrical load-bearing tasks [13]. The model, 
however can also determine the range of postures that are possible for a given load location and calculate the highest 
compression force. Two-regression-based models were developed for estimating L5/S1 with a linked segment 
biomechanical model which requires an input of six horizontal and vertical coordinates to define a portion of five 
upper body segments. Exerted hand forces and anthropometric data were used to calculate net moments at the lower 
back and shoulder using the upper body quasi-dynamic 3D linked segment model [14] and the net moments were 
quantified using generalized estimating equations (GEE) [15] and compared it with the guidelines.  
2.4. Planar model of internal forces 
 For estimation of internal forces within any segment of a human body, it is necessary to know the line of 
action of the force and the point of application on the muscles and tendons within the musculoskeletal 
structure. Along with the biomechanical models, absolute knowledge of kinesiological data as well as 
anthropometric and mechanical capacity data are of prior importance. Linked segment models (LSM) are often 
used to quantify forces and torques generated in body joints by applying Newtonian mechanics to each individual 
body segment, starting at one end of the chain and inter-segmental reactive forces and torques were calculated. 
LSM may be applied to only a few body segments, for instance the feet and the lower legs, when loadings on 
the knee are to be calculated. However, it may also be applied on all body segments having control on 
whole body movements. Several authors [16,17] failed to validate several whole body 3D LSMs. Frigo 
modeled 3D LSM for only one arm. In this study, the mechanical load on the low back could be quantified in 
all three planes of motion and flexion-extension torques, lateral flexion torques, and twisting torques was 
estimated accurately. Using linked segment model (LSM), Intra-discal pressure (IDP), the most direct indicator 
of compression forces acting on the spine and intra-abdominal pressure (IAP) which is the indicator of spinal 
compression and compressive back loading may be estimated. 
2.5. Multiple-link coplanar modelling 
 In this model, all the equilibrium equations for the load moments and reactive forces at the joints adjacent to 
the application of an external load is solved and then the resultant values are used to solve the equilibrium 
conditions for the next adjacent joint. The procedure is continued in sequence until all the load moments 
and external reactive forces are determined at each joint in the kinetic linkage system [2]. 
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2.6. 3-D modelling of strength 
 In a work system, when a person is carrying out MMH activities, such as lifting, pulling, pushing etc. one 
arm is utilized in doing the job, while the other arm is utilized to counterbalance or stabilize rest of the 
body. In such a situation, the external forces acting on a body must be treated in three dimensions and the forces 
are considered to be non- coplanar [2]. Since, the computation becomes tedious while doing 3-D analysis, 
therefore Garg and Chaffin developed 3-D static strength evaluation of jobs [18, 19] and it is further refined by 
Chaffin and Erig [20]. 
3. Dynamic models 
Dynamic biomechanical models are inherently more complex than static models. Since static models ignore 
the forces due to inertia of the load and body segments, they tend to underestimate stresses associated with 
dynamic activities [21]. In addition to external forces acting on the body (the loads applied to the hands and 
effects of body weight) and posture, it also considers the effects of motion dynamics (kinematics and kinetics) 
including velocity and acceleration. The dynamic biomechanical model introduces two types of complexity as 
follows (i) motion must be described in a kinematic fashion which means the direction of motion of a body 
segment as well as its velocity and acceleration- deceleration profile must be measured over the period of motion 
and (ii) while a human motion is executed, even a simpler one, complex inertial forces are created by changes in 
velocity and direction of motion. These changes results in acceleration and decelerations of various body 
segments, which by the application of Newton’s 2nd law creates inertial forces. Among several types of models 
used, the relevant models are discussed in the sections below. 
3.1. Single-segment model 
Gallagher et al. used dynamic models for investigating biomechanical stresses associated with lifting in 
stooping and kneeling postures in symmetrical and asymmetrical tasks [21]. Andersson and Chaffin while doing 
biomechanical analysis for five lifting tasks found that squat posture with a straddle foot stance and flat back 
minimized disc compression, ligament strains, and overall strength requirements [22]. Lee in his doctoral 
research studied and formulated dynamic biomechanical model of cart pushing and pulling. Horizontal and vertical 
foot forces and gross torso muscle and vertebral column loadings while pushing and pulling were predicted from the 
model [23]. Lee et al. reported only the results of static calibrations and dynamic results are not been published 
[24]. Efforts of [18, 25, 26, 27] are worth mentioning. As the level of sophistication increases and with the 
consideration of so many task variables and their risk effects on various joints and segments are 
recognized. Therefore, new biomechanical models have been developed.  
3.2. Multiple-segment model 
The dynamic model determines instantaneous locations, velocities and accelerations of the different links and 
joints of the human body. Blajer et al. presented a multi-body methodology for systematic construction of a 2-D 
biomechanical model of a human body and determined muscle forces and joint reaction forces in the lower 
extremities during sagittal plane movements using inverse dynamics [28]. To estimate the stresses on body 
accurately during a lift, dynamic biomechanical analyses are usually necessary [29] Earlier biomechanical model 
of multi- segment spinal structure considered only balance of net external moments only at a single cross-section 
particularly, at the lower-most lumbar discs rather than taking into account the entire length of the spine [ 2 ] . 
This exists particularly in dynamic and quasi-static model studies while simulating either sagitally 
symmetrical (2D) or asymmetrical (3D) movements. And it has been found that the muscle forces predicted or 
evaluated using such single-level equilibrium models, may not necessarily satisfy equilibrium at the remaining 
levels at the spine.  Therefore, Arjmand et al. quantified muscle/spinal loads and equilibrium equations at 
various levels that may get influenced by the results employed at single-level free body diagram (SLFBD) model 
[ 3 0 ] and found different cost optimization functions (especially non-linear ones) on the estimated axial 
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compression in both kinematic driven model. However, SLFBD is not significant and is only used to estimate 
local compression loads on the spine without estimating shear forces and muscle activation levels [31]. One 
major limitation of these biomechanical models is in the verification of static and dynamic equilibrium for the 
balance of external moments at only a single cross-section along the spine. To tackle such kind of problem, a 
linear finite element model has been reported to evaluate muscle recruitment and internal lumbar loads during 
maximal and sub-maximal efforts that may satisfy the equilibrium in different directions at all lumbar levels. The 
majority of biomechanical models of multi- segmental spine estimate muscle forces and spinal loads are based on 
the balance of net moments at a single level without considering equilibrium at remaining levels [2]. The two basic 
approaches to solve the moment-generation among trunk muscles and tackle the existing kinetic redundancy 
while calculating muscle forces at different joints are optimization and EMG-driven models which are 
discussed in the following sub-section [32]. 
3.2.1. Optimization-based model 
The optimization approach attempts to satisfy and select appropriate objective functions as well as constraints 
to solve redundant problem. In optimization approach, it is assumed that there is one or many cost (objective 
functions that may be minimized or maximized by the central nervous system (CNS) while attempting to satisfy a 
set of equilibrium equations along with lower and upper bounds constraint equations on muscle forces [30]. Schultz 
and Andersson (1981) developed the early torso biomechanical model for 3D static analysis. After that, Bean, 
Chaffin, and Schultz (1988) developed the revised version of the model which minimizes muscle intensity 
requirements and disc compression forces simultaneously and hence referred to as, “double linear optimization” 
approach. This technique has been applied to various biomechanical models for prediction of motions while 
lifting (Ayoub and El-Bassoussi, 1978; Gruver et al., 1979; Lee, 1988; Hsiang and Ayoub, 1994; Dysart and 
Woldstad, 1996; Hsiang et al., 1999; Chang et al., 2000). However, this model may fail to estimate muscle co-
activity (Hardt, 1978; Marras, 1988) and spinal load (Granata and Marras, 1994) accurately. 
3.2.2. EMG-assisted model 
The second approach is however, capable of estimating muscle co-activity accurately (Granata and Marras, 
1993; Mc Gill and Norman, 1986; Marras and Sommerich, 1991a). In an EMG-driven approach, measured 
surface electromyography signals of a limited number of muscles are employed to satisfy a set of equilibrium 
equations for estimation of individual trunk muscle forces [30]. The following are the advantages of the model 
are the following: (i) they are not limited by constraints of optimization objective functions, (ii) they 
account for muscle co-activation forces via measurement, and (iii) use of physiological coefficient for 
validation purpose (Granata and Marras, 1993). Mirka et al. (2000) found that the existing biomechanical models 
for torso determine deterministic forces and do not provide space for variation from lift to lift leading to 
underestimation of spinal loads and inaccurate results which may lead to the development of a trunk muscle co-
activation model for distribution of muscle activation levels using multivariate modelling approach for varying 
lifting conditions. It is estimated trunk muscle forces and spinal loads using two methods [30], viz. single 
joint EMG and optimization-driven under static lifting activity in upright standing posture for a single-level 
biomechanical model.  
3.3. Special models for body links/segments 
Some other special models specifically developed for different body links or segments like shoulder, trunk, 
hands and low-back are discussed in the following sections. 
3.3.1. Model for shoulder 
Since hand is the main organ of the human body and is followed by the motion of the shoulder joint; 
therefore emphasis is given on dynamic muscular control of shoulder. With the development of computerized 
models, Chaffin and Andersson digitized the anatomy of shoulder and elbow muscles to calculate trajectory data 
for each muscle and created a prosthetic limb control scheme [2]. Biomechanical model of shoulder was again 
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estimated using a dynamic 3D model [36]. In this model, finite element theory has been used and standardized 
postures were recorded using the body landmarks in relation to LED marker positions [37]. All these above 
models are based on parameters of geometry, muscle line of action and inertia, based on cadaveric specimens 
representing most of the shoulder muscles by two or more force vectors.  
3.3.2. Model for trunk 
Using kinematics and anthropometric data, the upper body quasi-dynamic 3D linked segment model was 
developed by Kingma et al. while testing the five segments, viz. left and right forearms plus hands, left and 
right upper arms and trunk plus head [38]. 
3.3.3. Model for hands 
CTDs, such as wrist tenosynovitis, carpal tunnel syndrome develop slowly among the workers and result in 
severe disability [39,40] have estimated the amount of tension at the finger tendons for various loads and it is 
found that the force at the finger tendons can be high as seven times that the actual force exerted at the finger 
tip. In this context, several two- and three- dimensional models have been developed. Further, Armstrong and 
Chaffin developed the pulley model of the wrist [41]. 
3.3.4. Push-pull modelling of low-back 
It is found that 37% of the low back pain worldwide is due to MMH jobs. Pushing and pulling are considered 
to be frequent MMH activities. Although pushing and pulling activities put an impact on the shoulders, existing 
guidelines such as the guidelines are presented and the working draft of ISO document “Ergonomics-manual 
handling- part-2: pushing and pulling” (ISO/TC159/SC3N 241, 1994) do not account for shoulder load) 
discussed several approaches for evaluating the risk associated with MMH particularly, pulling and pushing 
activities and the maximum acceptable values are found by comparing with previously existing guidelines like, 
NIOSH 1981 (compressive forces at low back), [2] (moment at the shoulder with shoulder-moment strength mean 
prediction equations for exertion in the sagittal plane and hand forces exerted). Maximum push/pull 
exertions were found by evaluating eight subjects and considering biomechanical models for handles with 
two different orientations and two different surface materials, using bare hand and two types of gloves as well 
as two arm postures. Therefore, biomechanical model of pulling and pushing provide extremity strength 
limitations for pull/push tasks [42]. 
All the above-mentioned static and dynamic biomechanical models are applied under controlled laboratory 
conditions, while their applications in real-life industrial situations like construction has not been adequately 
reported in the literature yet. Since all the MMH tasks involve various movements, this critical issue may 
be addressed using a proper dynamic biomechanical model and relevant data need to be collected from a 
working environment rather than from a laboratory. Moreover, the available biomechanical models are either 
activity- or body segment-specific. In this regard, task- specific biomechanical model needs to be developed so 
as to identify the critical and stressed joints and segments for a particular MMH task before an appropriate 
improvement measures are suggested. 
Based on such an appraisal, a comprehensive research framework addressing the issues needs to be 
developed for the construction worksystem. As research is specifically directed to construction worksystem of 
India, the analytical approaches (using biomechanical evaluation, design of experiments) may be used and data are 
required to be collected from Indian construction worksites. 
4. Conclusions 
 Identification of occupational risk factors and assessment of those risk factors with the help of 
biomechanical evaluation for various construction-related MMH tasks are two critical issues for research. The 
proposed research framework addresses these two issues as well as improvement methodology from biomechanical 
perspective. It is felt that such a framework is essential in designing the MMH tasks in construction so as to 
minimize the risk of MSDs among the workers. 
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